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I INTRODUCTION

This is the final report of a series that was initiated under a
former contract (AF 29(601)~1994, ARPA Order No. 6-58, Task 5) and has
continued for a period of approximately 3-1 2 years. This report contains
much of the earlier work, brought up to date, as well as new material

generated during the final phase ot the present contract.

The objective of this study has been to learn as much as possible
about the relaxation of the lower ionosphere following a pulse of

ionizing radiation.

Ideally, the approazch would be to measure several ionospheric
parameters direetly, simultanecusly, und continuously during the course
of an ionospheric disturbance. The parameters of interest would be
radiation flux, electron concentrations, ion speeies and concentrations,
and gas and electron temperatures. For many reasons, whiech include
limitations of the state of the art and finanecial support, the ideal
experiments are not likely to be performed in the near future. Therefore,
the approach adopted in this study has bheen to review published and
unpublished measurements of the above parameters, especially those made
during disturbed conditions. Pertinent geophysiecal measurements were
considered, together with laboratory data and current theory, in an
effort to delineate the phenomena invol.vod and subsequently to estimate

the rates of the various relaxation processes,

The report is divided into two principal parts--ionization proeesscs
and de-ionization processes. This separation, as the reader will see,
is not clear-cut. Inasmuch as natural ionization processes must, at
bresent, be studied by considering fragmentary observations of the
tonizing flux together with the resulting radio signal absorption, an
incscapable dependence on de-ionization processes, whieh is not yet
clearly defined, always exists. Hence, in Section III A, a model of

solar flare ionization is used to deduce an effective dissocirative



recombination coefficient; the other necessary relaxation parameters
were obtained from the literature. In III B, solar X-ray observations
were used with parameters discussed in Section IV to gain an insight
of quiescent solar effects. In III C, a model of auroral electron-
bremsstrahlung events is constructed utilizing parameters derived in
IV to check the adequacy of those paramcters in describing ionospheric
perturbations. In a similar vein, the associative recombination co-
efficient discussed in IV C was derived from observations of solar
flares, and sunrise-sunset radio cffects are used in IV A to evaluate
possible candidate negative-ions. Also in Section IV C, the dissociative
recombination coefficient derived from solar flare studies is shown to

be consistent with laboratory and other ionospheric measurements.

Thus, although definitive atmospheric measurements have not been
made, a reasonable consistency was found to occur between estimates,
laboratory measurements, and pertinent geophysical observations and
models. However, this apparent consistency should not lull the reader
into complete complacency. The inherent errors in many of the necessary
assumptions are such that it would not be at all surprising to find that
a good measurement of one or more of the important parameters will show

these models and assumptions to be far from adequate.

Significant data have been and are being acquired that have
materially increased our understanding of ionospheric processes. Present
knowledge is far from complete, of course. Although significant first
steps have been taken, it is clear that the entire field of solar-
terrestrial relationships is only beginning to develop. A continuing
review of laboratory and geophysical observations is certainly required;

definitive in situ measurements are urgently needed.

Earlier work on this study is described in the following reports

and papers.

(1, Poppoff, I. G., R. C Whitten, and R. L. Ludwig. The
Determination of Ionospheric Recombination Coefficients
Phase I: Feasibility of Utilizing Solar Flare-Sudden



Ionospheric Disturbance Relationships. Final Report
Contract No. AF 29(601)-1994, ARPA Order No. 6-58,
Task 5. GRD-TR-60-289. Stanford Research Institute,
May 26, 1960.

Poppoff, I. G. and R. C. Whitten, Determination of Ionos-
pheric Recombination Cocfficients, Semiannual Report No, 1
Cofitract AF 10,04 )-8355. Stanford Research Institute,
September 30, 1961.

Whitten, R. C. and [ G. Poppoff, A Model of Solar Flare-
Induced lonization in the D-region. J. Geophys. Res. 66,
2779 (1961 ).

Whitten, R. C. and I. G. Poppoff. Associative Petachment
in the D-region. J. Geophys. Res. 67, 1183 1962 ).

Poppoff, I. G. and R. C. Whitten. D-region lonization by
Solar X-rays. J. Geophys. Res. 67, 2986 (1962) .

Poppoff, I. G. and R. C. Whitten. Determination of lonos-
pheric Recombination Cocfficents. Semiannual Reports 2 and
3. Contract AF 19(604)~-8355. Stanford Rescarch Institute,
September 30, 1962
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I SUMMARY AND CONCLUSIONS

A body of information pertaining to ionization and dc-ionization

in the lower ionosphere was compiled from various sourcces. Part of

the data was derived by—the authors from studies of gcophysical ob-

servations, part of it from published and unpublished laboratory

mcasurements, and part from other ionospheric studies. Models of lower

ionospheric processes werc prepared which are consistent with presently

available data from thesc sourccs.

The following conclusions may\bc drawn from this study:

\

lonization Processes

Solar Flare-Induced ionization

Solar flare effects can be considered to be X-ray
ionization phenomena. Considcration of suddcn cosmic
noise absorption cvents leads to an effective dissocia-
tive recombination coefficient of about 2 x 107 cm? sec=!.

Ionization by Background Solar X-rays

Normal D-rcgion ionization sources havc not been definitely
cstablishcd. Consideration of present knowledge of nitric
oxide rccombination coefficients and background solar X-ray
fluxcs indicates that the role of solai X-rays may be greater
than previously supposed and that the role of solar hvdrogen
Lyman-Q radiations may be less 1mportant.

Ionization by Auroral Electrons

Studies of auroral cleclron—bremsstrahlung events indicate
that at least thc temporal characteristics of associated
radio noise absorption are consistent with the model
suggested in this study. The modcl is not yct complete
enough to judge its adequacy for computing the magni tude
of the absorption.

w



De-ionization Processes

Negative Ions

a. Significant concentrations of O and H ions in
the lower ionosphere are not consistent with
observed "sunrise-sunset” effect. 0~ may be
important in the upper D-region.

b. 02-, OH-, 03-, and/or Noz- may be the dominant
negative ion species without contradicting present
knowledge .

c. Radiative attachment to 0, and three-body attachment
to O are probably not important.

d. Associative detachment is probably the dominant
nighttime mode of electron detachment from the
species 0, and OH~. Detachment from NO,” and 03~
can occur via dissociative processes.

e. Previously proposed values of photodetachment rate
for 02- and, perhaps, O~ are not reliable.

f. Diffusion to dust is an unimportant mocde of negative
ion removal.

Charge Transfer and Ion-Atom Interchange

a. The following rate constants were derived

(1) 0" + 0, 20+ 0,%, k ~2 x 107! cn? sec-?

(2) N7 +0 5N, + 0", k ~2x 107! cm? sec?
(3) N +0, oN, + 0,7, k ~ 2 x 1071° ¢pn? goe=1
(4) 0 + N, »NO' + N, k ~ 6 x 10~3 cm?® sec—!

b. Rate constants for (1) and (3) above are in good
agreement with recent laboratory measurements, whereas
the rate constant for (4) is not. The discrepancy
cannot be explained at this time.

c. The dominant ions in the D-region under disturbed
conditions must be 0,* and/or NO*. The model pre-
sented in this report cannot be extended below ~ 75 km
because of the possible importance of such ions as
N,', N.*, and 0,*.



3. Dissociative Recombination

a. Probable values of important dissociative recombina-
tion coefficients in the D~ and E- regions are:

5x 1075 T73/4 o3 gec™!?

+
(1) QD(Nz )
2) (0,") =9 x 10°8 T"! cm? sec™!
) aD‘ 2 J
(3) a (¥0") = 2.6 x 10-% T=3/2 ¢p? gec-?

b. Most important coefficientg in the upper D-region
and the E-region are aD,"O2 ) and QD(NO+).

c. Identities of dominant positive ions in the lower
D-region are not known.

4. Ion-Ion Recombination
a. Two=-body reactions are important in the D-region.
b. Three~body reactions are not important above ~ 45 km
but may be important in low-altitude effects of nuclear
explosions,

S. Diffusion to Dust

This is not likely to be important in the normal
unperturbed ionosphere or during perturbing events.



III IONIZATION PROCESSES

A. Solar Flare~Induced Ionization
1. Introduction

It has long been known that so-called sudden ionospheric disturb-
ances (SID), such as short-wave fade-out, sudden cosmic noise absorption,
sudden enhancement of atmospherics, etc., are manifestations of ioniza-
tion in the D-region which in turn is associated with the occurrence
of a solar flare. Only recently, however, has the nature of the ionizing
portion of the solar flare radiation come to light . Measurements (Friedman,
Chubb, Kupperian, and Lindsay 1958; Chubb, Friedman, and Kreplin, 1960a;
Chubb, and others, 1960b; Kreplin, Chubb, and Friedman, 1962) by the
Rocket Astronomy Group at the U.S. Naval Research Laboratory (NRL) have
indicated that this radiation in the hard portion of the spectrum pene-
trates deeply into the D-region and during large disturbances apparently

produces ionization at altitudes of less than 60 km.

The electron concentration is influenced not only by the intensity
of the ionizing radiation but also by the recombination rate and by
the electron detachment and attachment rates. It will be shown later,
however, that the photodetachment rate is sufficiently large so that
the effect of electron attachment to molecular oxygen is of negligible
importance at altitudes above 75 km; this statement is true during the

decay phase as well as during the build-up.

Im section 2 we consider the NRL measurements of solar flare
radiation and their implications with respect to the D-region, and on
the basis of these data we construct a model of the eleetron production
profile. In section 3 we cstimate the dissociative recombination
coefficient and construct a model of radio signal absorption hased on

the NRL data.



24 The Nature and Effects of Ionizing Radiation from Solar Flares

Since World War II several theories have appeared regarding the
nature of the radiation responsible for sudden ionospheric disturbances.
The first was that the increase in tonization is caused by an enhancement
in Lyman-a emission during a flare. The difficulties inherent in this
suggestion are now apparent: Lyman-Q would have to increase in intensity
by a factor of ~ 10® or more in order to produce the high frequency
absorption observed during sudden ionospheric disturbances. The detee-
tion of X-rays in the rocket and satellite obsorva}lons of solar flares
(Sunflare 1 and II) by Friedman, Chubb, Kupperian, and Lindsay (1938);
Chubb, Friedman, and Kreplin (1960a ); Kreplin, Chubb, and Friedman,
(1962), provides a basis for a much better explanation of the origin of
sudden ionospheric disturbances. The X-ray flux is spread out in a
spectrum which can cause sufficient ionization at all levels of the
D-region to produce the observed electron concentrations. It has also
been suggested (Mitra, 1960) that both N-rays and Lyman-Q are important
in producing SID’s. However, recent satellite measurements of the
Lyman-Q intensity during a class 1" solar flare (Chubb and others, 1960b)
indicate that no such enhancement in the Lyman-Q intensity occurs. A
larger flare may, of course, produce an observable Lyman-O enhancement ,
but it is doubtful if it could compete with X-radiation in its ionospheric
effects at any level of the D-region. All the measurements of the NRL
group (Friedman, Chubb, Kupperian, and Lindsay, 1958; Chubb, Friedman,
and Kreplin, 1960a; Chubb and others, 1960b) indicate that the electro-
magnetic solar radiations producing the enhanced 1onization in the D-
region are X-rays of wavelength ) < 8 A, X-rays of wavelengths » > 8 A
wi1ll be absorbed almost entirely in the E-region, This is shown in
Table 111-1, which gives the intensity at several wavelengths required

to produce given electron production rates at two levels of the D-region.

A partial N-ray flux spectrum was obtained from a Sunflare I
rocket (Chubb, Friedman, and Kreplin, 1960a ) launched during a class 2+
flare on August 31, 1959 Unfortunately, only a lower limit of the

intensity in the 2-8 A range was observed owing to saturation of some of

10



Table III~-1

INTENSITY REQUIRED TO PRODUCE GIVEN ELECTRON PRODUCTION
RATES AT TWO LEVELS IN THE D-REGION

Blectrof Intensity, erg cm? sec—!
Altitude, | Production Y. oTR
k
m oo thes x>l g sea, | 1,
cm sec
70 km 30 0.2 >>1 ~10%
90 km 2500 0.2 ~ 1 ~10%

the sensors. Because of this gap in the spectral data it was necessary
to estimate the missing portion by extrapolating from other data.
Several other successful rocket flights in the Sunflare II program
yielded essentially complete X-ray spectra in the range 2-60 A, but
because they were made ddring a small flare and under quiet sun
conditions, the cosmic noise absorption data were inadequate for the
construction of a model of the disturbed D-region. However, since we
had X-ray spectra for several lower levels of X-ray intensity, it was
possible to extrapolate the shape of the X-ray spectrum to the level
of X-ray intensity corresponding to the class 2* flare considered in
this report. The spectrum so constructed, together with its estimated
upper and lower limits (the broken curves) at time 22:54 UT, is shown
in Figure II1I1-1. In addition, counter measurements in the energy
range 15 to 80 keV were also made at two different times during the
flight. These data indicated a softening of the hard X-radiation as

it decreased in intensity (Chubb, Friedman, and Kreplin, 1960a).

When X-rays are absorbed in the ionosphere, they produce (a)
primary ionization by photoelectric "stripping’ of electrons from
neutral molecules, and (b) secondary ionization by the "stripped"
electrons. A photon of wavelength 2 A will produce about 200 free

electrons by this process. The clectron production rate ean be written

- [ \ _(’.QJ__) ' EE‘A_' 3
q = | Tair(A' o n Ee d (1)

11
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X-RAY SPECTRUM OF THE FLARE OBSERVED AT 22:50 UT ON
31 AUGUST 1959. THE SOLID CURVE REPRESENTS THE MOST
PROBABLE SPECTRUM BASED ON EXTRAPOLATED DATA.
THE BROKEN LINES REPRESENT THE ESTIMATED UPPER AND
LOWER LIMITS OF INTENSITY.
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where cair(x) is the absorption cross section of X-rays in air as a
function of wavelength A; Q(2) is the X-ray photon flux density; n is
the neutral particle number density; E(A) is the energy of a photon of
wavelength »; and Ee is the mean energy required to remove an electron
from a neutral molecule in air (~ 32 evV). Owing to absorption by the
atmosphere, the X-ray photon flux density Q()\) is also a function of

altitude. Figure III-2 shows the attenuation of L~ and X-radiation

sor—r———— — ,

BLTITA

By EEEE ) SRR o TR o 08T 0
RELATIVE INTENSITY — /I, PRITTITEN

FIG. 111-2 ATTENUAUONOFSOLARRAMATDNINTHEUPPER
ATMOSPHERE. THESE CURVES ARE BASED ON THE
ARDC 1959 MODEL ATMOSPHERE (MINZNER, 1959)

of several wavelengths in the upper atmosphere. Figure II1I-3 shows the
electron-production-rate profile computed from the data presented in

Figure [II-1.

We shall assume in our model that the clectron production rate
bears the same functional relationship to time at all altitudes; this
is equivalent to assuming that the shape of the X-ray spectrum is time-

independent or that Q can be scparated into two factors, one of which

13



g4 T T T T

%
L=

]

om

TiDN RATE

ELECTRON PROGLUT

1 | L J. i
60 ro B0 80
ALTITUDE — am

LTER RS )

FIG. 1.3 ELECTRON PRODUCTION RATES AT VARIOUS ALTITUDES
AS COMPUTED FROM THE SOLID CURVE IN FIG. lil-]

depends only on wavelength ) and altitude h, and the other only on

time
Q(ky hv t) _'/\()‘) h/lT(t) (2)

We can establish the start of the X-ray emission at the time of the
commencement of sudden cosmic noise absorption (see Figure III-4) and
the maximum of the X-ray emission curve at roughly the time of minimum
cosmic noise intensity. This is an oversimplification, since there is
no reuason to believe that the entire X-ray spectrum bears exactly the

same functional relationship to time.

14
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FIG. 111-4 INTENSITY AT LOS ANGELES OF 18-Mc COSMIC NOISE DURING
THE OCCURRENCE OF A CLASS 2* SOLAR FLARE ON
31 AUGUST 1959. THE RECORD INDICATES THE EX TRAPOLATION
TO ITS ORIGIN OF THE LARGER OF THE SUDDEN COSMIC
NOISE-ABSORPTIONS

3. Model of Ionization, Recombination, and
Radio Signal Absorption

A sudden ionospheric disturbance may be divided into two phases:
the build-up phase and the decay phase. The former is characterized by
a rapid increase in electron density due to the increasing solar X-ray
photon flux and thus the electron production rate; the latter, on the
other hand, is characterized by a gradual decrease in electron density.
The electron density maxima do not.necessarily occur simultaneously at
all altitudes, however, since there is at present no known reason for
the intensity maxima of all parts of the the X-ray spectrum to ocecur
simultaneously. In spite of this, we shall assume in our model that
the electron densities do simultaneously reach their maxima at all
altitudes in the D-region and that each maximum occurs at the same time
as the minimum in the cosmic noise intensity curve (Figure IIT-4). The
time rate of change of electron density is related to the production

and removal processes by the well-known equation

dNe q N dx
e _ o . 2 _ e dx ,
dt 1 4+ ) Oy Ali}Ne 1+ A& dt (3)

15



in which Ne is the electron density; q is the electron production rate;
A is the negative ion to electron-density ratio (N N-/Ne); aD is the
dissociative recombination coefficient; and ai is the mutual ionic
neutralization coefficient. The meaning of the symbol ) (wavelength

Oor negative-ion to electron concentration ratio) in the following will

be clear from the context .,

The differential equation obeyed by the negative ion to electron

density ratio ) is (Bates and Massey, 1946G)

1 [ ; , N q . s
T /= L n N 0/ = ¢ + = 8]
1+ dg F B+ R -y % (L= A} Vi

e

where ( is the electron attachment coefficient; | is the photodetachment
rate; y is the electron collisional detachment coefficient; n is the
neutral particle density; and m is the molecular oxygen concentration
(taken to be 1/5 n in our computations). In the model to be developed

in this report the neutral particle concentrations given in the ARDC 1959

model atmosphere (Minzner, Champion, and Pond, 1959) are adopted.

The second term in brackets on the right-hand side of cquation (4,
is of importance only in the lower D-region. Recent estimates of the
collistonal detachment coeffieient y based on polar cap absorption
(Bailey and Branscomb, 1960) arc of the order Y 2 x 10717 ¢m3 se0c
However, other workers (Phelps and Pack, 1961 ) have found cvidence
that y < 10717 cmi/sec for 02— v and that N, is an incffective detaching
agent. Whitten and Poppoff 1962 ) have suggested that an associative
detachment mechanism may be dominant. Be that as it may, our investiga-
tion showed that collisional detachment 1s not very important in the
solar flare-disturbed D-regiron. The thivd and fourth terms in brackets

are, accordiug to our computations, approximately equal in magnitude

but of opposite sign; lkence they tend to cancel. The negative sign of
the thivd term in brackets |N 11 = XD’ is due to the fact that
o
aD 2> li (Crain, 1961). Because of 1ts very slight dependence on N
o



and q, X is a slowly varying function of time! and can be approximated
by

A= SE (d4a)

Because of the weak time-dependence of A, the last term on the right-hand
side of equation (3) can be neglected. The most recent investigations
of electron-0, attachment (Chanin, Phelps, and Biondi 1959; Holt, 1959)
indicate that in the D-region it 1s primarily a three-body process and

that the coefficient K where

B = Km (5)

has the value K = (2 * 1) x 107%° cm® sec for an electren temperature of

250K . Equation (4a) can then be written
A — (4b)

The photodetachment rate £ was computed using recent measurements
(Burch, Smith, and Branscomb 1958) of photodetachment cross section for
O, and solar radiation flux measurements (Kuiper, 1953). These yield
a value of p = 0.35 sec™!. The value of the electron affinity of 0,
derived by Burch and others from the Cross section data was 0.15 eV
compared with the value of 0.46 eV obtained by Phelps and Pack (1961),
Since the photodetachment cross sections are expected to be decreasing
functions of the threshold energy of the process, our computed value of
¢ may be too large. Hence A was also computed for values of p of
0.10 sec™! and 0.035 sec”™!; the ) profiles are shown in Figure III-5.
The value [ = 0.1 sec™! is provisionally suggested as the most probable

value (see section IVA),

IThe insensitivity of to changes in q and N indicates that the approach
to equilibrium of the attachment and detachm?nt processes is quite rapid,
This is merely the result of relatively large attachment and detachment
coefficients,
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FIG. 111-5 NEGATIVE ION-ELECTRON CONCENTRATION RATIO PROFILES
FOR THREE POSSIBLE VALUES OF THE PHOTODE TACHMENT
RATE .

If the values of K, ), LR w;zl, the neutral particle concentra-
tion profile, and the functional relationship to altitude and time of
the electron source function q(h,t) are known, it is possible to compute
the electron concentration at any altitude h by means of the approximate
form of equation (3):

Fo amy) o,
dt

\ 2
1+ YR T 18

—
w
o

—
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Using the foregoing as a basis, we shall now construct a model of
the D-region during sudden ionospheric disturbances. To facilitate this
and to obtain an estimate of the dissociative recombination coefficient
we shall utilize the NRL Sunflare II data and sudden cosmic noise absorp-
tion data presented tn Figure IIl-1, In essence our task is to find a
functional form for q and a value of the dissociative recombination
coefficient Ob which, when inserted in equation (3a), vield electron
concentration profiles at various times during the build-up phase that
agree with the observed reduction in 18 Mc cosmic noi se intensity., The
mutual ionic neutralization coefficient 71 does not enter the computations
because it is probably smaller than )D (Crain, 1961) and because of
the fact that the negative icn-electron concentration ratio at most is

of order unity at altitudes of interest.
The relative cosmic noise intensity is given by the equation

I
YE = exp, -2

n

- )
{ -k dh 6
‘b ‘kd - ] (6)

where Id and In are the 18 Mc cosmic noise intensities corresponding to
the disturbed and normal D-region, respectively, and fD indicates
integration over that segment of the ray path which lies in the D-region.
The absorption coefficient k for the case in which w >> v is given
approximately by
542 4 \

k 5‘5? T (7)
Molmud, 1959), neglecting gyromagnetic splitting which is of little
tmportance at 18 Mc; 04 15 the plaswma frequency, o, the signal frequency,
\, the electron-neutral particle collision frequency, and ¢ the velocity

of light in free space.

In constructing this model we considered clectron collision
frequencies suggested by Phelps and Pack (1959), by Nicolet (1959, by
Kane (1960), and by Barrington and Thrane (1962 ). Those proposed by

Phelps and Pack were based on drift velocity measurements on electrons
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in N, and probably constitute a lower limit, while those due to Nicolet
were based on the results from a microwave interaction experiment carried
out by Anderson and Goldstein (1956). The latter measurements undoubtedly
corresponded to much larger electron temperatures than was realized at

the time (Formato and Gilardini, 1959) and thus yielded collision

f requencies which are too large. Lying between these models are the
experimental results of Kane (1960) which were based on in situ measure-
ments of high frequency radio wave absorption, and of the cross modula-
tion results of Barrington and Thrane (1962). Since these results agree
quite well for a quiet ionosphere, we employed them in the compq}ation

of the dissociative recombination coefficient.

The X-ray spectrum given in Figure I11-1, together with equations(l‘
and (2), may be used to compute the electron production rate profile
as a function of time if we assume a model for X-ray intensity time-

dependence T(t).

Several simple functional forms of T(t), as well as several values
of the dissociative recombination coefficient JD, were used in
cquation (3a), which was then integrated numerically in order to obtain
the electron concentration profiles at various times during the build-
up phase. These profiles were then used in conjunction with equations (6)

and (7) to compute the relative cosmic noise intensity I jln as a

d
function of time. Upon comparson of Id(t)'ln with the sudden cosmic
noise absorption data presented in Figure III-1, it was immediately
evident that only one of the trial analytical forms, i.e., T(t) = atm,
was a reasonably valid choice. After various values of m 1n the range
| <m< f were tried, it was found that m = 1/2 best agreed with the
sudden cosmic noise absorption data. The value of X that best agreed

b
+3 - . .
with the SCNA data was ap = (2_ x 1077 cma/sec; the uncertainty in «

D
reflects the uncertainties in the X-ray spectrum and the electron

collision frequency profile.
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The decay phase was then treated in a similar manner. It was found
that the functional form T(t) = a'(t, - t)° where ty = 11.7 min, and
a value of o, = 2 x 10~7 cm?®/sec were, when used to compute the relative
cosmic noise intensity Id(t)/ln in the manner outlined previously, in
reasonable agreement with the sudden cosmic noise absorption observa-
tions until 15 minutes after commencement of the flare. The solid curve

in Figure III-6 shows the analytical form for T(t) used in these conputations,

X-RAY NTENSITY —arbitrary units

20

TIME - minules

Wa-382a-3

FIG. 1H-6 MODEL OF SOLAR RADIATION INTENSITY (* = 2ta 8A) AS A
FUNCTION OF TIME FOR THE FLARE OCCURRING ON
31 AUGUST 1959. THE SOLID LINE REPRESENTS THE
FUNCTIONot'2, 0 Zt = SMIN. AND o’ (11.7 = 1), t ™ 5 MIN.
THE BROKEN LINE REPRESENTS THE ESTIMATED X.RAY
INTENSITY

The 18 Mc absorption exponent 2 ;D(kd - kn)dh is shown as a
function of time in Figure III-7. The solid curve was obtained by
substituting into equation (3a) the analytieal form of T(t) and the
values of lD previously derived, then numeriecally integrating the
equation to obtain the electron concentration profile, and substituting

the electron eoneentrations N‘{h. t) so obtained into equation (7).
©

24




ARCORPTION EXPONENT—

P S

e 8 o s

TIME —minutes
O TP

FIG. 1.7 18-Mc COSMIC-NOISE-ABSORPTION EXPONENT 2 | kdh DURING THE
BUILD-UP AND DECAY PHASES OF THE FLARE OCCURRING AT
22:50 UT ON 31 AUGUST 1959. THE BROKEN CURVE REPRESENTS
THE OBSERVED ABSORPTION AND THE SOLID CURVE
REPRESENTS THE COMPUTED ABSORPTION USING THE FUNCTIONS
at'2 (0 < t < 5min) AND o' (11.7 = 1)* (S min < + < 11.7 min) TO
REPRESENT THE ELECTRON PRODUCTION RATE. THE SYMBOL k
IS EQUAL TOk, ~k

The profiles of [kd(t) - kn] were then integrated over the ray path
through the D-region to obtain the absorption exponent. It is cvident
from Figure III-7 that the functional relationship to time of X-ray
intensity T(t) actually increased faster than at/2? during the initial
portion of the build-up phase and decreased faster than a'(ty, - t)? during
the decay phase. This is indicated qualitatively by the broken curve
in Figure III-6; the broken curve agrees qualitatively with X-ray
intensity time-variation data obtained for two different flares by
satellite 1960 eta 2(R. W. Kreplin, private communication). We wish
to reiterate that the factorization of Q(A, h, t) in accordance with
cquation (2) is quite artificial. It is known, for example, that the
X-ray sprectral form changes with time during the decay phase of a
flare; this undoubtedly accounts for part of the disagrecement betwecen

the observed and computed absorption exponents.
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Figure III-8 shows the electron concentration profile at 22:54 UT
as computed by the method outlined previously. The corresponding absorp-
tion coefficient obtained by substituting the data contalned in
Figure II1I-8 into equation (7) is presented in Flgure I11-9. This
absorption coefficient profile is in rough agreement with the model
proposed by Mitra (1960); the maximum at about RO km occurs about 10 km
hl gher than is proposed in the high frequency absorption model of
Kanellakos and Villard (1962),

B. Ionization by Background Solar X-rays

The significance to normal D-region ionization of recently reported
values of background solar X-ray fluxes (Kreplin, 1961) has largely been

ignored. The purpose of this section is to present the results of a
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CONCENTRATION PROFILE
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1961 study to assess the possible role of background solar radiation

in the formation of the D-region.

Current concepts of normal D-region ionization processes seem to
favor the model proposed by Nicolet and Aikin (1960), although other
workers (Inn, 1961a, b; Bourdeau, 1961) have offered feasible alternative
hypotheses. There seems to be little argument about the dominant role
of cosmic radiation in the production of lower D-region ionization. The
crux of the present controversy is the lack of verified data on the
relative influence of solar Lyman-Q radiation, nitric oxide, molecular
oxygen, cosmic radiation, particulate matter, and X-radiation in producing
upper D-region ionization. Nicolet and Aikin (1960) concluded that free-
electron concentrations between approximately 80 and 85 km are produced
principally as a result of the ionization of nitric oxide by solar
Lyman-r radiation. This conclusion is the result of calculations employ-
ing a theoretical vertical distribution of nitrie oxide, an assumed
dissociative nitric oxide ion-electron recombination coefficient, and
the solar radiation measurements available before 1960. Recent work
by Gunton and Inn (1961) and by the authors (section IV C, this report)
shows that the dissociative recombination coeffieient assumed by Nicolet
and Aikin may have been too small by two to three orders of magnitude.
This means either that the nitric oxide concentrations are higher than
those ealculated by Nicolet and Aikin or that another ionization mecha-

nism must be found.

Inn (1961a,b) suggests a mechanism based on the ionization of vibra-
tionally excited ground-state oxygen molecules by solar Lyman-Q. Bourdeau
(1961) suggests that cosmic ray ionization modified by diffusion of ions
to particulate material in the 60 to 80 km region can acecount for the

observed conductivity profiles.

We should like to suggest another possibility by considering the
X-ray spectra reported by Kreplin (1961) as being characteristic of

background solar radiation, at least during periods of sunspot maxima.
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Kreplin reports X-ray fluxes of the order of 1073 erg/cm2 sec in the 2-8 A
range during quiescent solar conditions. These values are considerably
higher (by two or three orders of magnitude) than those utilized for

the quiet sun condition by Nicolet and Aikin; therefore, an evaluation

of the possible effect of this level of solar radiation on the D-region
seems appropriate. This suggestion was made years ago by Muller f1935),
again by Rawer (1952), and more recently by Chamberlain (1961). until

now, however, data have not been available to substantiate the suggestion,

The data reported by Kreplin (1961) from flight NN 8.69 CF included
values of solar X-radiation for three energy ranges and were, therefore,
used to prepare an ecstimated quiet sun X-ray spectrum as shown in
Figure I11-10. The data from flight NN 8.68 CF, though not as complete,
substantiate the data from flight NN 8.69 CF.
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FIG. 111.10  BACKGROUND SOLAR X-RAY SPECTRUM
CONSTRUCTED FROM DATA OBTAINED
BY SUNFLARE || PROBE NN 8.69 CF
AT 15:59 UT ON 8 14 59
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Measurements of background X-ray spectra and intensities at sunspot
maximum reported by other observers tend to confirm the NRL data and
our estimated spectrum. The spectrum measured by the SL 40 rocket
(9/27,61) is in close agreement with our estimate in the 4-9 A region
(Pounds, 1962). The measurement of intensities by Pounds and Sanford
(1962) during the period 1959 to 1961 varies from 10~2 ergs cm~2 gec”!
in the 4-10 A range to 1.5 x 10~2 ergs cm~2 sec™! in the 2-8 A range .
Mandel 'shtam, et al., (1962) report rocket measurements of 1.6 x 10~ %
ergs cm™? sec™! in the 0-8 A range to 7.3 x 104 ergs cm™2 sec™?! in the
0-10 A range in 1959, Reported measurements of 0-10 A background X-
radiation by satellite observatories in succeeding years vary from less
than 0.6 x 10~ ergs cm™? sec™! (Kreplin, Chubb, and Friedman, 1962)
to 1.5 x 107* ergs cm~? sec™! (Neupert, et al., 1962). Note that all
of these measurements are within the range found to be significant for

D-region ionization by the calculations described in this section.

Using the spectrum of Figure III-10, the appropriate solar zenith
angle (450), the appropriate X-ray cross sections, and ARDC 1959 model
atmosphere, a profile of electron production rates was calculated. It

is shown in Figure III-11.

Since the radiation measurements were made during quiet solar con-
ditions, it is a good approximation to consider the D-region to have
been in a steady state. The electron density N (h) at altitude h is

e

then given by

, 4
q\h/

(1 + ‘(aD + Q) (1)

Ne\h‘

in which X is the negative ion to electron concentration ratio, aD is
the dissociative recombination coefficient, and ai is the mutual ionic
neutralization coefficient. It can be shown that, if we restrict the
discussion to altitudes above 70 Km, omission of xai will introauce

an error of less than half an order of magnitude in No(h} at the lower
altitudes, thus simplifying equation (1). From our assumption that
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the ionization is caused by solar X-rays, it follows that the ionic
processes would be similar to those in the same region produced by solar
flare radiation. We considered this problem in an earlier paper (Whitten
and Poppoff, 1961), deducing a value of a4, =3 x 1077 ¢m®, scc and a )
profile given by the curve labeled o = 0.10 in Figure 1II-5.

Using q(h) from Figure III-11, the ) profile referred to above,
and the above value of dD' the eclectron concentration profile of
Figure III-11 is obtained. The values obtained are within the spread
of observed values for D-region electron concentrations at these altitudes
(Ratcliffe, 1960). The X-ray intensity could be an order of magnitude
lower and still he adequate to account for some of the lower estimates
of D-region electron concentrations. 1f the spectrum shown in-Figure I1I11-10
is 'softened' so that the X-ray intensity at » = 4 A is about 109 erg,
2

cm® sec A, the 100 cm™? level in the electron-density profile (Figure II1-11)

is raised to about 76 km.
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The electron conccntration profile of Figure III-11 is not intended
to serve as a model for the D-region. It does, however, illustrate the
possible role of X-radiation in the altitude range 70 to 90 km. It
also shows that, if the solar radiation flux measurcments used for the
calcula tions arc representative (to within an order of magnitudc),
clcctron concentrations in the upper D-region can be accountcd for with-
out recourse to hypotheses rcquiring Lyman-Q ionization. Prcliminary
calculations indicate that, if thc electron concentrations estimated
above are combined with estimates of ionization produced by cosmic radia-
tion, the classical D-region clectron profile can be obtained which
includes a peak or inflection (depending on rclative values of cosmic
and X-ray fluxes) at middle D-region altitudcs. A reasonable model
must, of course, include all valid hypotheses of D-region clectron
production processes. The inclusion of Lyman-Q ionization processcs,
as well as cosmic ray and X-ray ionization processes, would probably
result in electron profiles with scveral inflections or peaks {or at
least changes of gradlent) whose bosition would vary with diurnal,

scasonal, and solar-cyclical patterns.

(65 Tonization by Auroral Electrons

1. Introduction

For many years, observations have been made of "soft” clectro-
magnetic radiation at low altitudes in the auroral zone. Van Allen
(1955) suggested that the observed radtation was bremsstrahlung gencrated
by low ecnergy clectrons. Following this suggestion, Chapman and Little
(1957) and Chapman (1959) prepared models of the lower 1onosphere which
showed that this interpretation was consistent with observations of
radio absorption in the auroral zone. Meanwhilc, observations were made
by Anderson and Encmark (1960) of the bremsstrahlung spectrum which
furnished the basis for estimates of the spectrum of the generating
electrons. Although the source of the clectrons is still somewhat con-
troversial, it has been shown that qualitative correlations exist with

gcomagnetic activity and with solar activity.
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Close correlations with cosmic noise absorption have been observed.
This, of course, suggests a possible approach to the study of atmospheric
relaxation processes, similar to the SID study made earlier in this
project and described in III A (Whitten and Poppoff, 1961). However,
the area of electron bombardment is relatively small and not stationary.
Thus simultaneous observations of the radiation from balloons and of
cosmic noise absorption by ground-based riometers were very difficult
to obtain and, in fact, did not exist. Recently, however, Brown and
Campbell (1962) reported simultaneous observations of radio noise
absorption and radiation flux during a magnetic disturbance at College,
Alaska on June 25, 1961. The existence of these observed data provided
the opportunity to attempt the construction of a model of the ioniza-
tion produced by auroral electrons and the resulting electron and ion
profiles. Although the model could not be completed for this report,

a considerable portion of the work has been done and will be described

in this section.

2. Ionization by Electrons

The procedure followed was generally that suggested by Chamberlain
(1961), which is essentially to consider the incident electrons as a
pPlane source normally incident to the atmosphere. By making such an
assumption, the extensive work of Spencer (1959) at the National Bureau
of Standards could be utilized. The weakness of this assumption would
seem to lie in the obvious fact that the electrons are not normally
incident but arrive with an angle of incidence controlled by the geo-
magnetic field in the bombardment area. Quite obviously, a calculation
that considered these factors would be beyond the resources of this
study. However, calculations reported by Pedersen (1962) show that the
penetration altitude would not change appreeiably with angle of inei-
dence. For example, he notes that 100 keV electrons at vertical inci-
dence would penetrate to 80 km, whereas at angles of incidence 300 and

o
60 from the vertical, they would penetrate to 81 and 85 km, respeetively.

Brown and Campbell (1962) reported an elcetron flux of 10° per

cm? sec in the energy range greater than 50 keV at the peak of the
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ionization event. In making their estimate an electron spectrum of

Ne = k E~% was assumed and the computing procedure reported by Anderson
and Enemark (1960) was utilized to obtain electron flux estimates from

measured X-ray fluxes. An area of bombardment of 15,000 to 40,000 km?

was estimated.

Using the above data, an extension of the National Bureau of
Standards work, and the ARDC 1959 model atmosphere, an altitude profile
of the peak ionization rate was computed. The energy range was extended
to 10 keV in the low energy and to 200 keV in the high energy end of the

reported spectrum. The results are illustrated in Figure III-12 and I11-13.

10° 0' 10? 10° 104 10% 0% 107 10°
q {ion pairs farmed per cm® sec)

FIG. 11112 IONIZATION RATE vs. ALTITUDE (PER ENERGY INTERVAL)
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FIG. 11113 TOTAL IONIZATION RATE vs. ALTITUDE FOR LOW ENERGY
CUTOFF AT 10 kev AND 20 kev

Study of the calculated curves immediately reveals an obvious
difficulty. Because ot the steep energy spectrum of the incident
clectrons, the lowest energy portion is always dominant in determining
the peak in the ionization rate profile. Therefore, the low energy
cutoff point should be considered very carefully in the preparation of

an adequate model,

Although electrons have been detected with energics as low as 8 keV
(Davis, Berg, and Mercedith, 1960 ), recent analysis of auroral bremsstrahlung

measurements by Winckler, Bhavsar, and Anderson :1962) suggests that the
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electron energy is concentrated in the 20-100 keV region, with a
maximum intensity in the 50-80 keV region of the electron energy

spectrum,

The crux of the problem for this study would, of course, be the
absorption of rudio frequency energy by the D-region. The maximum in the
ionization rate profile not only increases in magnitude with decreasing
electron energy, but also in altitude. Since collision frequencies
decrease with altitude, a compensating decrease should also occur in
radio absorption coefficients. Thus, the effect of imprecise knowledge
of the low energy cutoff may not be critieal. Reid (1961), in studying
proton ionization effects during polar radio blackout events, found that
lack of knowledge of low energy proton cutoff points was not very

important.

3. Ionization by Bremsstrahlung

Ohviously (sce Figure II1-12) the altitudes at which inctdent
primary eclectrons are absorbed and bremsstrahlung is produced va 'y
greatly with energy, from about 75 to 100 km for the energy range
considered. Inasmuch as the penetration altitude of the bremsstrahlung
is a function of the source altitude, this should be considered in the
calculation of bremsstrahlung ionization rate profiles. In these
calculations, it was assumed that bremsstrahlung is produced at the
altitude of peak absorption of the incident primary electrons 1n the

energy ranges used in preparing the curves of Figure 111-12.

Profiles of 1onization produced by bremsstrahlung g nerated
by electrons in each of the several electron energy ranges were computed.
The caleulated ionization rates were then summed for each altitude and
a profile was prepared of ionization rates produced by bremsstrahlung

senerated by the entire spectrum of clectrons.

Bremsstrahlung spectra were computed by following the treatment
described by Anderson and Enemark (1960 ) which can be summarized as

follows.,



The number of photons produced by an electron of kinctic energy

E in passing through a thickness dt g cm™2 of material having radiation

length LR gcem? is

E . / ) J
th(F§ = g— gl = F4 1n g—
‘R v= ,h ' ‘R a

<
1]

frequency of photon

E

[J]

chosen discrimination level or the lower
limit of energy interval considered.

The number of photons with cnergies above the discrimination level E
produced by an electron initially of energy E traversing its entire
range is

3
R - =1 E £
n(Eqr l") - J d ct(g) - L f In E d:

: R a
a
Using the approximate range-energy relation R = E/ 2000, where E

is expressed in keV and R in g cm~?, the above equation can be integrated

to give
n(E ; &) = ——1—'F’lnt: E -1)+E
ar 2000 L7 "“a ! ‘a’
n
The expression for another, higher discrimination level, Eﬁ+l would

be 1dentical e¢xcept for the subscripts The number of photons in the
energy interval Ea to Ha+l produced by N electrons of energy E 1s

N.E
n(E ; E T —_— E E )]
( a' Tas+l’ 2000 LR E Ca+l a’
The number of photons broduced in cach of a series of energy intervals
from 1-2 keV up to the cenergy interval of the primary electrons was

then computed for each electron energy interval used in Figure II1-12,
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The bremsstrahlung flux at the distance R from a large isotropic
radiation can be computed as follows: (see Figure III-14). The contri-

bution from each unit increment is

where i1, is the number of photons emitted per unit source area and r
is the distance from the center of the source to the unit source. A

and B are attenuation and scatteri ng terms respectively,

UNIT INCREMENT —
_EMITTER

- —

L dr

: EMITTING z-
K - r_-l_ E

1 ——== UNIT
i VOLUME

L RECEPTOR
I — _._.__igﬁ ___________

FIG. Ill.14 SCHEMATIC OF RADIATION GEOMETRY
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The attenuation term,

R
A=exp (-] uT(E)dR),
o

can, for this application, be expressed as

M
T R
A =cxp (- —M-=)
P Co d

The scattering term is approximated as
g (E) fR
B =14+ i E )dR
“a(E) - HT( )

B =14+ EE — M L

H Po d
where B o= linear absorption coefficient, My is the linear scattering
coefficient Hp = Mg * My = total attenuation coefficient, M is the mass
of atmosphere in a vertical column of unit cross section and d cm in
length, p is the atmospheric density at altitude h and Po 1s the density

at N.T.P. conditions.

The total flux at altitude h produced by bremsstrahlung photons
of energy Ep ¢nitted from a source at altitude h + d is
r>> R

f

I(h,E ) = | dr
p (8]

The ionization produced at h by the absorption of photons with energy
E 1is
p

a(h, Ep) =1 Ep K, iflggg) ion pair/cm? sec

The total ionization rate at an altitude h is

= ( )
a, Z q(h, Fp
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where q is summed over the photon energy spectrum for the bremsstrahlung

produced by primary electrons, in a particular energy interval E,,

absorbed at an altitude h + d; and then summed over the entire spectrum

of primary electrons, absorbed over the entire altitude range of interest.
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peak primary electron flux is presented in Figure [II-16.

The results are presented in Figure III-15.
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The combined electron-bremsstrahlung ionization rate profile for
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variation of the ionization rate q presented in Figure III-17 is
a smoothed version of the bremsstrahlung curve recorded by Brown and

Campbell (1962).

4, Electron and Ion Densities

Knowing the ionization rate, q, as a function of time and alti tude,
the free electron conecentration, N , amd the ratio of negative ions to
e
electrons, ), can be computed by utilizing the following well-known

continuity equations (Mitra, 1952; Whitten and Poppoff, 1961)

dN 1 N
e _gqlt) w2 _ € dr
dt  1+n NG, e e =
1 d) a(t) |
Ty gt - Mt Mo vn e Ne(Q - ap) gy
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FIG. 11.17 TEMPORAL VARIATION OF IONIZING PULSE

where LID is the dissociative ion-electron recombination coefficient, Oi
is the ion-ion mutual neutralization coefficient, £ is the electron-
oxygen attachment coefficient, p is the negative~-ion photodetachment
rate, y is the negative-ion collisional detachment coefficient, m is
the concentration of the attaching species (0, or 0), and n is the

concentration of the species causing collisional-type detachment.

Unfortunately, the computations of electron density profiles could
not be completed in time for this report. Caleulations of temporal
variations in electron concentration were made for the altitude range
75 to 120 km and are presented in Figures III-18 and III-19. Caleulation
of an electron density profile was made for the peak ionization rate

(51.6 minutes) for the range 40 to 120 km (Figure III-20); this ean be
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compared with the peak ionization rate profile (Figure III-16). The
coefficients for recombination, neutralization, attachment and detachment
were taken from the appropriate sections of this report. The initial
conditions for A were also taken from this report (see section IIIA).

The coefficients used for altitudes below 80 km become increasingly

more speculative as the altitude decreases. The assumptions made in
selecting coefficients for the lower altitude regions are noted in

Table III-2,

Although the observations by Brown and Campbell (1962} were made
in the vicinity of local midnight, calculations indicate that the atmos-
phere was illuminated throughout the observing period above at least
3 km. Therefore, there should be no question about the occurrence of

photodetachment above the ozone layer.

In order to facilitate the calculations and provide rough estimates
of electron concentrations for this report, simplifying assumptions were
made in the continuity equations. For computations of electron concentra-
tions above 75 km, A was considered constant with respect to time. For
computations below 75 km, a1 and QD were considered equal. The results
for altitudes above 75 km are considered to be good estimates in terms
of the present state of knowledge. The results for altitudes below 75 km
are much less defensible at this time and should be considered to be
very provisional. The assumptions will be more carefully evaluated and
better results should be obtained in the near future. Time-dependent

solutions for A will also be attempted.

Comparisons of the temporal-variation curves of eclectron densi-
ties (Figure IIT-18) and the temporal-variation of cosmic noise absorp-
tion (hottom of Figure I[II-18) are noteworthy. Inasmuch as cosmic noisec
absorption is dependent on free electron densities, the siiilarity
between the shape of the electron concentration curves and the shape of
the cosmic noise curve indicates that the auroral ionization model is
at least partially valid. It is interesting to note that the decay of

the electron density curves (after the two ionization maxima at 51.6



Table III-2
INITIAL CONDITIONS AND RECOMBINATION PARAMETERS

Initial
Recombination Parameters e T
Altitude
(km) ap a o b Em [d 5 d Ync Nc Af
cm?/sec em3/sec sec™! sec” sec™! cm™3

.25 2.0 x 107%[2.1 x 1077{3.6 x 10* | 0.1 |1.6 x 10~2 <1 3.6 x 10°
30 2.0 x 107%19.3 x 107%f8 1 x 10 ) 0.1 [1.5 x 10-2 <1 8.0 x 104
35 2.0 x 107%/4 5 x 107®{1.7 x 10% | 0.1 |8.5 x 10-3 1 2.0 x 10*
40 2.0 x 107%(1.8 x 10784.1 x 102 | 0.1 |6.0 x 10-2 8 4 x 108
15 2.0 x 10751 0 x 10~*]|9 7 x 10! | 0.1 |4.0 x 10-3 20 9.7 x 102
50 2.0 x 107%(1.0 x 10~8[2.5 x 10* | 0.1 |6.0 x 10- 30 250
55 2.0 x 107%[1.0 x 10%)9.5 x 10° | 0.1 {4.0 x 10- 50 95
60 2.0 x 107%(1.0 x 1078|2.4 x 10° | 0.1 }9.0 x 10-¢ 2 x 102 24
65 1.5 x 107%[1 0 x 107#|6.9 x 10™*| 0.1 |4.0 x 10-%]2.5 x 102 6.9
70 1.0 x107%1 0 x 10"%|2.0x 10" 01 (20 x 10- 4 x 102 2.0
75 8.0 x 10°7]1.0 x 10~8|4.5 x 10~2| 0.1 |4.0 x 10- 6 x 10° 0.3
80 6.0 x 10°711.0 x 10~®|9.0 x 10=°] 0.1 {1.0 x 10-2 6 x 102|4.5 x 1072
85 5.1 x 107711.0 x 10~%f2.0 x 1073| 1.0 1.5 x 10-2|1.5 x 10| 2 «x 10-3
90 5.0 x 10°7(1.0 x 10°8]4.0 x 10-3| 1.0 3.0 x 10~2 2 x 103 4 x 10”3
95 4.7 x 10°7{1.0 x 107®|6.7 x 10-3] 1.0 [5.0 x 10-2 6 x 10%] 7 x 10-?
100 4.2 x 1077[1.0 x 10~8|2.7 x 10| 1.0 (2.0 x 10-2 3 x 10%(2.7 x 10-3
105 3.8 x 10°7[1.0 x 10-8]2.2 x 103 1.0 (1.6 x 10-2 10% 2.2 x 10~3
110 3.4 x 1077(1.0 x 107*11.3 x 107% 1.0 {1.0 x 10=2| 2 x 10%/1.2 x 10-3
115 3.0 x 1077[1.0 x 107*{5.4 x 10-*| 1.0 |4.0 x 10~3] 2 x 105 5.4 x 10-*
120 2.6 x 107711.0 x 1078[2.7 x 1074 1.0 [2.0 x 1073] 2 x 10%]{2.7 x 10~4

a
Values o

80 km are from curves of

r

Qp below 75 km assume a clustering of molecules, values of Qg above
D 123 D

temperature dependence in this report, Chapt. [V.

bThrcc-body Thompson coefficient below 45 km,

Ab0\0 85 Km radiative attachment to O considered dominant,

below 80 km three-

bodv attachment to 0, considered dominant

Abovc 85 km detachment from o

from 02-

Above 65 km associative detachment considered dominant,

considered dominant, below 80 km detachment

considered dominant

below 60 km

collisional detachment considered dominant.

Abovc 85
Below 80

where
o

‘
(&

[P

)

T02,
o (0"
£(0,

0
0.

km initial
km initial

considered equal to
A considered c¢qual to

FpiO
(0;1/,

/

’

radiqtive attachment coefficient for 0

concentration of atomic oxygen

three-body attachment coefficient for 0, = K0, (see Sec.
concentration of molecular oxygen

photo detachment rate for 0

photo detachment rate for 02

13
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and 75 mins) reassemble the decay of the cosmic noise absorption curve
more closely as the altitude decreases. The results are not yet
sufficiently complete to determine the altitude range that is most
effective in producing this particular cosmic noise record. However,

the data do seem to indicate that the lower altitude electron densities
are important. Inasmuch as the collision frequency increases rapidly with
decreasing altitude and the electron density in the range 75 km to 60 km
decreases slowly with altitude, (and in fact increases to a maximum point
at 60 km according to Figure III-20) it seems reasonable to expect that
the electrons in this region are very important in producing cosmic nosie

absorption.

Ionization in this region is caused by bremsstrahlung rather than
primary electrons. (Compare Figures 11I-13 and III-16) Therefore,
if the apparently important influence of lower altitude electron
concentrations is confirmed by future results, the importance of

bremsstrahlung will also be demonstrated.

D. Chemionization

Chemionization, which is the production of electron-ion pairs by
means of chemical reactions, has been investigated in the laboratory
only relatively recently (Kunkel and Gardner, 1955; Kunkel, 1956; Smith
and Gatz, 1961). Since various reactants which can produce chemioniza-
tion are present in the upper atmosphere, it is considered worthwhile
to investigate the possible effects on ionization levels and relaxation

times. Scveral energetically possible processes are:

N+N+NO - NO" + N, + e (1)
*

N+N+M-o N + M (2a)

* + .

N, + NO > N, + NO + e 2h)
.* o

Na + 0+0 ~ Na + 0O, + e (3)

where M represents an unspecified third body. Processes (1) and (2)

are exothermic and (3) is endothermic by an amount approximately equal



to the mean kinetic energy of the reactants. In process (2) the inter-
*

mediate excited state N, can also decay by emission of radiation. Hence

it must be metastable against radiation if the collisional mode (2b)

dominates,

The ccrresponding electron production rates q are

a; = k, [N;® [~0] (4)
kza kb (N/? [NO][M]
a, = 222 S (5)
- N
P + kzb (NO |
q; = k, 1Na, 0,* (6)

where the k)'s are the rate constants of the corresponding processes
*
listed above and 7 is the lifetime of N, with respect to radiation.

The concentrations of the indicated atomic and molecular species at an
altitude of 80 km are estimated to be of the order

Nj 106 ¢m—3 (Barth, 1961

NO 10 ¢cm—3 (Barth, 1961)

.0, 10'2 ¢m~? (Barth, 1961)

Mi o~ 104 op=3 (Minzner, et al., 1959)
Na 104 cm™? (Bates, 1960)

Actually, Bates reports several measurements of the number of sodium
atoms 1n a vertical column to be of the order 2-5 x 10° ¢m~?. Since
most of the sodium lies in the altitude range 80 to 100 km with a peak
at 85 km, the concentrat on of sodium at 85 km is estimated to be

10% em™3 ¢ “we assume that all of 1t exists as free atoms,

Assuming (1, that the reaction rates are of the order 10719 cp3 gec™!
for two-body processes and - 10~3°0 em® sec™? for three-body processes
{these values are upper limits for the rate constants), (2) that the
radiative lifetime of N; is I sec, and (3) that no activation energy

is required in the reactions, we obtain



q; ~ 107'% cm=? sec™!

qz ~ 1078 cm™? sec™?
a3 ~ 107% cm™3 sec™?

of which q, and qp are so small that equilibrium concentrations of elec-
trons produced thereby are only of the order 102 and 1 cm™?, respectively;
we, therefore, neglect them., However, process (3) may he of marginal
significance as a means of producing electrons at night in the region

80 to 90 km. In order to determine the nighttime contribution to the
electron concentration from chemionization one must solve a number of

first-order nonlinear differential equations with and without the chem-

ionization source term; the equations containing the source term

k, (Na, (0] are

.

dle . . A = ,
Gr = kalNaj[0)? - aD(No*)on I{e] + 7 [0][07] - B(02){0;]e] - K[0,]%[e]
(7)
d \'a’ + - + -
iNa g k,:Na [0]? = a (Na , 02)[Na ][0, ] (8)
dt i
(IVNOQ + +
] R ‘NO" 02):3"0*::02} - a (N0 )[NO (e (9)
dt i b
1,0 - . - .. )
== = K(0, % e + 5(0;)(0;][e] - (o (Na, 0;)(Na" + a (N0', 0;)(N0"])[0;]
= *.'0‘ ();J \101

where aD and ui are the dissociative and ion-ion recombination coefficients
of the species indicated, K is the three-body and £ the radiative electron
attachment coefficient of 0,, and » is the associative detachment coeffi-
cient of 0,. Actually negative ions other than O; and positive ions other
than NO' and Na® may also be important. Their inclusion would further
complicate an already formidable set of equations. Not only is the

solution difficult but, more important, the values of many of the rate

constants are unknown.



One can arrive at rough estimates of the electron concentration at

Several hours after sunset by adding equations (7) and (10) and assuming

= %g?l is nearly

that the negative ion-electron concentration ratio A

constant in time.

dle] _ a3 _

a (Na*,0;7)[Na"] 4 a, (¥o*,0;) [No* )

aD(No*) [No*)

dt 1+)

We further assume that

. +
lNa

A=l

ai\xo*, 0,)
ai(Na+, 0,)

+ - -7
a,(NO") = 10

1

e). ..
‘initial

Electron concentrations at v

+ [No*

1300 c¢m~?

[Na*] + [NO*]

~ 1078 (this paper)
~ 107®*  (Bates, 1960)

(this paper)

arious times after sunset were computed

using the values of the coefficients and concentrations given above

for two cases: (1) without the occurrence of chemionization, and (2)

with the occurrence of chemionization,

The results are presented in

Table IV-6,
Table IV-6
NIGHTTIME ~ .ECTRON CONCENTRATIONS
(at 85 km)
Time after e, Without Le ) With o
Sunset Chemionization Chemionization effective*
(hrs) (cm™3) (cm=3) {(cm? sec™?)
1 900 1000 6.5 x 10”8
2 670 800 6.4 x 10”°
3 540 690 5.5 x 1078
4 440 600 5.5 x 1078
5 380 540 5.0 x 10”8
6 340 500 4.2 x 10”8
7 300 470 3 x 1078
>

*With chemionization occurring but not included in the

calculation of Q

effective'

47

)

r
e

12
4

(11,

\



It is evident that even if the rather extreme value assigned to
the electron production rate qy is correct, the effects of chemioniza-
tion on the nighttime ionosphere are marginal at most, If chemioniza-
tion is present and is not considered in deriving the effective night-
time recombination coefficient (from observation), the latter will
appear to decrease steadily throughout the night; this is shown in the
right-hand column of Table [V-6,. Mitra (1957) has reported such an
observed decrease in Qeffective between 85 and 110 km altitude. He
has attributed it to electron attachment. However, the lifetime of
electrons with respect to attachment is only of the order of a few
minutes in this region and the attachment process thus approaches
equilibrium rapidly. Nevertheless, one cannot cons‘der this evidence
as definitely supporting the suggestion of chemionization, particularly
sinrce process (3) cannot be expected %o be effective above 95 km. The

question is open.

Chemionization is of potential importance in the ionosphere only
when other sources of ionization are absent or very small, For example,
the ultraviolet radiation from a nuclear explosion is expected to cause
momentarily a very high degree of dissociation of N, and O, in the
vicinity of the fireball, perhaps 10%. Large concentrations of NO will
also form and the electron production rate from chemionization will be
quite large--a value of q, = 10¢ cm™3? sec™! would not be unreasonable.
However, the local photoionization will be so large-as to completely mask
the chemionization effect. After the initial flash of ultraviolet
radiation and X-rays, the atomic nitrogen and oxygen concentrations
will rapidly decay to their normal values since radiation from fission
fragments is not very effective in causing dissociation. Therefore one
would expect chemionization to cease immediately after the initial

radiation.
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IV DE-IONIZATION PROCESSES

A, Negative JIons
==l o s JON3

1. Introduction
—— e SO,

Existing knowledge of the nature of the neutral species present
in the upper atmosphere appears to restrict the possible species of
negative ions to O-, O;, 0;, H-, No;, and OH , Which of these is the
dominant negative ion is a question which can only be definitely answered
by mass Spectrometric measurement<. It may even turn out that some
Species not considered heretofore is the most important one, Having no
idea of the nature of such a Species, however, we must of necessity

restrict out discussion to the six Previously mentioned.

The numerous processes involving the formation, destruction, and
"shuffling" or interchange of negative ion Species may be broadly classi-
fied as three-body attachment, radiative attachment, collisional type
detachment, photodetachment, ion-ion recombination, charge transfer,
and diffusion to dust. The following 1ist does not exhaust all those
possible but does include all processes considered potentially important

(except diffusion to dust ):

Three-body attachment

0, +0;, + e ~0, + 0, (1a)
O +0+e -0, +0 (1b)
O +0+e -0, + 0~ (1c)

Radiative attachment

O, + € - 0, + hy (1d)
O +e - 0 + hy (1e)
H +e¢ - H 4 p, (1f)
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Photodetachment

%4 bv = 0, + e (1g)
O +hv - 0 +e (lh)
H +he - H +e (11)
NO, + hy — NO, + e (13)
OH + hy — OH + ¢ (1k)
0 +hi o 05 4+ce (12)

Collisional-type detachment

0 + M —~ 0, + M + e (1m)
0, +0 + 0y +e (1n)
0, +0 — 03 +hv; 03 +0 — 0, + 05 + e (10)
0 +0 - 0, +e (1p)
H O+ H - Hy + ¢ . (1q)
OH  + H - H,0 + e (1r)
N+NO; - N, + 0, + ¢ (1s)
0; +0 — 0, +0, + ¢ (11)

lon-ion recombination of the types

0, - 03 - 0, +0, (1u)
- +

O + N, - NO 4+ N (1v)
0, + 0, + M > 0, + 0, + M (1w)

Charge transfer and ion-atom interchange

0, +0 - 0, + 0 (1x)
0 + NO, - O + NO, (1y)
0; + H — 0, + H (12)
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O; + OH - 0, + OH"
0 +OH - 0+ OH"
02 + N; = N + NO,

N+0, +M— NO, + M

00 +0, +0, - 0 +0,

0, +0+ 0, -~ 05+ 0,

2. Electron Attachment

(1aa)
(1bb)
(1cc)
(1dd)
(1ee)

(1££)

The formation of O; by the three-body process (1a) has been investi-

rated by Chanin und coworkers (1959) who found the rate constant to be

sufficiently large to make the reaction of great potential importance

in the D-region. For example at a temperature of ~ 200°K which is

typical of D-region altitudes one

N, is not an efficient "third body"

only about 2% as effective as 0,.

obtains a value for the rate constant
of K = (1.4 ¢+ 0.5) x 1073° ¢pm3, sec.

These investigators also found that
in this type of reaction, being

The effectiveness of atomic oxygen

as a "third body" has not been investigated. However, it is reasonable

to assume that it is not more efficient than 0, and we therefore neglect

process (1b) because of the small

atomic oxygen in the D-layer.

(

relative to 0, ) concentrations of

Owing in part to obvious experimental difficulties, three-body

attachment to atomic oxygen, process (1c), has never been investigated,

However, we may arrive at a very rough estimate of the ratio of the

rate constant to that of process (1b) from the work of Curran (1961)

on dissociative attachment to ozone. Curran found that the branching

ratio of the processes

O +e - 0, +0 (2a)

O +e - 0 +0, (2b)

is about 7,11. If we assume that the rate of electron attachment to

0; and 0 is about the same in the unbound state (processes (1b) and
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(1c)) as in the bound state (process (2)), we can assign a branching
ratio to processes (1b) and (lc) of order unity. We have already
advanced arguments for neglecting process (1b) and thus we neglect

(1c) also.

Branscomb and coworkers at the National Bureau of Standards (Branscomb,
Burch, Smith and Geltman, 1958; Burch, Smith and Branscomb, 1958; Smith
and Burch, 1959; Smith and Branscomb, 1960) have measured the photo-
detachment cross sections of 0-, 0;, and H for photon energies near
threshold up to several electron volts (to be discussed in detail later).
The radiative attachment cross section qatt(o-) can be casily obtained
from the photodetachment data by use of the principle of detailed
balancing:
‘:-

0,4, (07) = ()?

att ﬂdct(o-) (3)

€o
where « is the momentum of the incident photon divided by 4, k is the
6.
momentum of the incident electron divided by #, E_ is the ratio of the
- o
statistical weight of the U ground state to that of the oxygen atom

ground state, and O is the photodetachment cross section. One easily

det
obtains the effective radiative attachment rate constant for any electron

temperature by averaging the product of attachment cross section and
electron speed over all electron energies:
oo

2 1 -E/k
B.= (G)¥* J e ¥ e (1)

r \[:; “att

where T is the electron temperature, m the electron mass, E the electron
energy, and k is Boltzmann's constant. Branscomb and coworkers (1958)
found that the radiative attachment coefficient for atomic oxygen is a
slowly varying function of electron temperaturce, decreasing from

B, = 1.34 x 10-'% cm?, sec at an electron temperature of 250° to
BL.=1.25x 10735 cm?/ sec at a temperature of 1000°K. Actually use of
the principle of detailed balancing for computation of Gatt is not

fully justified for O in view of recent evidence (Schulz, 1962) that
lower-lying energy states of the 0 ion may also exist. Hence the value

of Br given here must be recognized as provisional only,.
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In their experiment on 0; photodetachment cross sections Burch
et al., (1958) found that the state of the 0, ion after attachment has
"gerade" symmetry, thus permitting one to express the energy dependence

(Geltman, 1958) of the cruss sections as

qdet(O;) =E(E - Eo)¥? [Aq + A, (E = Ep) + Ap(E - Eg)2 + ++.]

(5)
where E is photon energy, Ey, is threshold energy, and the An are constants
related to the electric dipole transition matrix elements, [In practice
the An are uncalculable to any acceptable degree of precision and must
be found empirically. The first iwo were found to be Ay = 0,370 x
107'® cm? ev=5/2 A, = -0.071 x 10~'® cm? ev-7/?, The 0, created in
the experiment apparently underwent very few collisions (of the order
of one to ten per ion) (Smith and Branscomb, 1960) prior to electron
detachment. We shall cite evidence later which seems to indicate that
the O; is formed in an excited state and then deactivated only after
many collisions (>> 10). Assuming that this interpretation is correct,
the O; ions must_have remained essentially unchanged during the course

of the experiment,

Invoking the principle of detailed balancing, one obtains the

following equation for Tatt with the aid of (5)

¢

[*4
. _1(» + Eo):’ b 2 - .
att 2mc? Mo #iAi8 @RS 4 - - ] £o (6)

where ¢ is the kinetic and mc? the rest energy of the electron, Equa-
tions (4) and (6) together with the previously stated values of A, and
A, vield a value for Br(o;) of ~ 1072 cm®/sec at an electron tempera-

ture of ZSOOR.

Of course, the principle of detailed balancing is not really
applicable here because neither 0; nor 0, is necessarily left in the
ground state after electron attachment and detachment; excited vibra-

tional, rotational, and possibly electronic states can be occupied, In
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other words, the process is not reversible and
|< 03, hvl H‘lo,, e,‘r’i = elH‘IO;, h > |, (7)

where H! is the electric dipole operator. However, it is thoughf
unlikely that the effect of such allowed excited states would increase
the value of Br by more than two to three orders of magnitude from

that given above. In order to be of any importance in determining the
rates of ionospheric processes we must have Er > 10-17 cm’/sec. Hence
it is unlikely (though not certain) that radiative attachment of elec-
trons to O, is an important atmospheric reaction under normal conditions;
this process may be of marginal significance at altitudes of 85 km and
above. It can be shown that the radiative attachment coefficient
increases with increasing temperature. At an electron temperature of
1000°K, for example, Br(o;) ~ 10710 cm3/sec, an increase of about a
factor of ten over the value at a temperature of 250°K. Hence under
disturbed conditions (e.g., SID or nuclear blackout ) radiative attach-
ment to 0, may conceivably be of some importance. Further experimental

investigation is definitely in order.

Smith and Burch (1959) have measured the photodetachment cross
section of H for various electron energies above threshold. Use of
the principle of detailed balancing (which can be justified as in the

case of 0 ) vields a radiative attachment coefficient of ~ 107%6 c¢p?

| sec
at a temperature of 200°K. Because of the relatively small concentra-
tions (n(H) N 10®° cm™?) (Handbook of Geophysics ,1960) direct attachment
to this species proceeds at a much smaller rate than direct attachment

to atomic and molecular oxygen and hence process (1f) can be neglected.

We are thus left with processes (1a) and (le) as the dominant direct
attachment reactions. At an altitude of 85 km the rate of clectron attach-
ment to both atomic and molecular oxygen is about ~ 1073 sec™ 1 assuming
concentrations of [0,] ~ 3 x 10'3 ¢m~3 and (0] ~ 5 x 101 cp=3 (Hand -

book of Geophysics, 1960). Below this altitude the rate of the three-body

mode (la) increases rapidly due to increasing concentration of 0,, while
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the rate of process (1e) decreases slowly. Hence we conclude that radi-
ative attachment of electrons to atomic oxygen is important only at the
top of the D-region and that process (1la) provides the dominant attach-

ment mechanism below.

It should be noted that we have excluded direct attachment to NO,,

Curran (1962) has apparently established this process to be forbidden.

3. Electron Detachment

Some of the electron detachment processes (1g, lh, 1i, 1m) have
also been investigated recently but the results have not been sufficient
for the development of a reliable model of electron detachment in the

ionosphere,

Photodetachment cross sections in the photon energy range O to
3 eV have been measured for O and 0; by Branscomb and coworkers
(Branscomb, Burch, Smith and Geltman, 1958; Burch, Smith, and Branscomb,
1958) at the National Bureau of Standards. The O cross section was
found to be a rapidly increasing function of photon energy between
threshold (EA = 1.465 eV) and ~ 1.6 eV (0 = 5 x 10-!® cm?) after which
it levels off, reaching 7 x 10~!® cm? at a photon energy of ~ 3 ev.
These results are in good agreement with the theory of photodetachment
from negative atomic ions developed by Klein and Brueckner (1958). The

ionospheric specific photodetachment rate is obtained from the equation

o =] 040y () X (8)

where Udet is the photodetachment cross section and I(\) is the solar
photon number flux at wavelength .. incident on the ionosphere. The

result for O is p = 1.4 sec~} (Smith, Burch, and Branscomb, 1958).

Because of the possible presence of excited states, the situation
for photodetachment from 0; is more complicated; one would in general
expect to find different cross sections for detachment from ground and
excited states, partly because of the difference in predicted threshold

energies and partly because of different transition matrix elements
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for the two cases, Geltman (1958) has computed the encrgy dependence
near threshold of the photodetachment cross section of O; and has
obtained relation (5). In their investigation of the problem, Burch
and coworkers (1958) were able to determine A, and A, as well as E,

by a least squares fit of their experimental data to the theoretical
form of Udet' The value of the threshold energy (E, = 0,15 eVv) was
considerably smaller than that obtained by Phelps and Pack (1961)

(Eo = 0.46 eV) by means of collisional detachment experiments. This
evidence seems to indicate that 0; is formed in an excited (probably
vibrational) state., The BaS pressures and ion residence times in the
swarm experiments of Phelps and Pack were sufficiently large to permit
collisional de-excitation to occur; they estimated that approximately
105 collisions of each 0; with neutral molecules occurred during the
experiment. On the other hand, the gas pressures as well as the resi-
dence times in the photodetachment experiments (Smith and Branscomb,
1960) were so small that the mean number of collisions of each O; ion

with a neutral particle was only of the order of one to ten,

In contrast to the results of the experiments mentioned above,
chemical experiments (Pritchard, 1953) seem to indicate an electron
affinity of slightly less than 1 eV. A spectrophotometric measurement
by Jortner and Sokolov (1961) and a measurement by Curran (1961) using
data from an experiment on dissociative attachment to ozone vielded
somewhat smaller values for the electron affinity, ~ 0.75 eV and > 0.58 ev,
respectively., It is difficult to reconcile these results with those
of Phelps and Pack (1961). A possible explanation is the existence of
a metastable vibrational state at Eg =~ 0.46 eV, the de-excitation from
this to the ground state being of a high order of forbiddenness, In
order to complete this explanation one must assume that in the experi-~
ments of Pritchard, Jortner, and Curran 0; is either formed in the low-
lying state or undergoes relaxation in such a way as to avoid the meta-

stable state,



It is expected that most of the 0; ions in the sunlit D-region
will be in the ground state or a low-lying metastable excited state
because of the relatively high gas pressures and long lifetimes (> 2
seconds) of the ions, If one approximates the solar radiation spectrum
in the near infrared and visible regions by a black-body distribution
and substitutes it for an in equation (8), one obtains an approximate

dx
threshold energy dependence of p

_ (B, - E})

o(E kT A, (E

~e (9)
L(Eo Ao(Eo
For a solar surface temperature of 6000°K one obtains
0(0.45 ev Ay(0.46 eV
10
0(0.15 ev) ~ 05 X, (0,15 ev (20)

By substituting the observed solar spectrum, gﬁ{Al » in equation (8)
Smith et al.,’ (1958) obtained a value of 0(0.15 eV) = 0,44 sec™?,

Making the reasonable assumption that Ap(0.15 eV) > A4(0.46 eV), we
have ((0.46 eV) < 0.2 sec™!. Further investigation of this problem
1s required before we can obtain a reliable D-region photodetachment

rate. We shall provisionally adopt a value of 0(0;) = 0.1 sec~?,

Smith and Burch (1959) have investigated photodetachment from H .
Their cross section data together with the solar spectral data used
for the computation of L(O-) and ,(0;) (Smith, Burch, and Branscomb,

1958) yield a detachment rate of p =8 sec”?!,

Photodetachment from N0;, OH-, and 0; has not been investigated
although some idea of the elqctron affinities is available, Curran
(1962) has shown that the electron affinity of NO, is greater than
3.82 eV by causing NO; to undergo charge transfer with C1~ (whose
EA = 3.82 eV). The ion OH apparently has an electron affinity lying
somewhere between 2 and 3 eV (Field and Franklin, 1957) while that of
0, is estimated to be of the order of 3 eV (Curran, 1961),



It has been proposed that N0; may be the dominant negative ion in
the D-region. This suggestion originated with the apparent observation
by Johnson and coworkers (Johnson, Heppner, Holmes, and Meadows, 1958)
of negative ions of mass number 46 in the E-region. The reliability of
these measurements is uncertain; the N0; may have been a product of

the rocket exhaust.

It is known that just after sunset and Jjust prior to sunrise when
the sun's rays which illuminate the D-region must first pass through

the ozone layer (Figure IV-1), the electrons in the D-region rapidly
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FIG. IV-1 SUNRISE-SUNSET EFFECT
At sunset the neor UV solor rodiotion which would otherwise illuminote thot port
of the D-region lying to the left of line AB is obsorbed by the ozone loyer when
the sun drops below the horizon with respect to on observer ot C. Coincident
with the obsorption of this rodiotion is the ropid decrease in electron density
(probobly due to electron ottochment) in the region to the left of line AB. The
opposite effect (ropid detochment of electrons when the sun's roys poss obove
the ozone loyer) occurs ot sunrise.

attach to form .egative ions (see, for example, Reid, 1961 ), This

1s called the "sunrise-sunset effect.” One infers from this that the
solar radiation responsible for photodetachment must be strongly absorbed
by ozone and must therefore lie in the near UV spectral region. If one

computes the spectral detachment rate for O and H by means of the



equation

£ .o, WD) (13)

dA T “det d

where the symbols have the same significance as in equation (8), one
obtains the curves shown in Figure IV-2, The near UV obviously is of
little importance in photodetachment from O and H-. We conclude from
this that 0 and H are not the dominant negative ions present in the
D-region. 1If one then computes g% for 0; using the cross sections
reported by the NBS groups (Burch, et al., 1958) one also finds that
this_species is apparently in disagreement with the requirements of

the "sunrise-sunset effect." If, however, the 0, just prior to

aol- a4l

30 3

20 —

%3 05 07 09 i 13 .5 1.7
WAVELENGTH -— microns

FIG. IV-2 SPECTRAL DETACHMENT RATE d. 4 OF O ANDH™
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detachment is in a lower-lying state, e.g., EA = 0.46 eV, than that
reported by the NBS groups, the photodetachment cross section could
conceivably be very small in the spectral region above \ = 3500 A

( ~ 3.5 eVv) and sufficiently large bhetween 2500 to 3500 A that radiation
in this spectral range is almost entirely responsible for the photo-
detachment. This hypothesis 1is not in disagreement with Geltman's

theory of photodetachment from O;.

If the electron affinitv of N0; is 4 eV or perhaps even a little
larger, photodetaching radiation is restricted to the near UV for this
ion and it can meet the requirements of the "sunrise-sunset effect."
Similarly, if the electron affinities of OH  and O; are ~ 3 eV as some
measurements scem to i1ndicate, these ions too can satisfy the "sunrise-
sunset effect” requirements. Which, 1f any, of these negative ions is
the dominant one 1n the D-region can be ascertatned only by 12 Situ

experiments,

In the fofcgoing we have considered onlvy solar radiation in the
photodetachment process. The initial burst of radiation from a nuclear
explosion is so0 intense that the negative ion concentration will he
negligible at all altitudes for several seconds after detonation due to
photodetachment . Subsequent to that time the only nuclear radiations
which can detach electrons are - and » ravs. For reasonable beta
particle, photon intensities (Poppoff, et al., 1961) (~ 10° to 10® cm?; sec
at 1 mev energy) the detachment Cross sections (essentiaily the M¢llvr
and Compton scattering cross sections which are approximately equal to
10723 and 10-'® cp?, respectively, are much too small to yield more than
an insignificant detachment rate. Hence we conclude that detachment
of electrons from negative tons by delayed radiation from a nuclear
burst i{s unimportant compared to solar photodetachment and detachment

by collisions.

Collisional-type detachment from O; and 0 was recently considered
by Whitten and Poppoff (1962) who concluded on the basis of a s<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>